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A new formula is presented for the etch depth I per pulse of an excimer laser of fiuence F. Incremental ablation is defined as the etch depth per pulse after many pulses. We show that I is proportional to F, rather than in (F).
The light pulses from short-wavelength excimer lasers have been shown to etch dean holes in polymers. I • 2 This process has numerous applications in medicine and in the manufacture of integrated circuits.J.4 Here we examine the theory of this process, and derive a new and simple fommb for the etch depth I per pulse for a laser of ftuence F.
Experiments have shown that the ablation process is not just due to local heating, but involves some other process which presumedly is bond breaking. Define n (x,t) as the number of broken bonds per unit volume at a distance x from the surface at the time t. We follow previous theories in assuming that ablation occurs whenever this bond breaking density exceeds some threshold value nr.
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The first laser pulse produces a damage profile given by
Beer's law of" = ifaF /hv)exp ( -ax) , where a is the absorption coefficient, hv is the photon energy, and / is the fraction of absorbed photons whi.ch break bonds.
1= (l/a)!n[F/FT]fJ(F-Fr),
FT = hVtlT/aJ,
0)
where () is the step function. This formula has been widely used to interpret ablation data. 4 ,6-1 1 The initial experiments seemed to show that I is proportional to In (F), although the range of values for F was smalL Recent experimental plots for large ranges of F show that Eq. (1) is not obeyed. 7, 12 Experimental data are usually taken by averaging over many laser pulses. A key aspect of our theory is that broken bonds remain in the unetched portion of the polymer. The exponential nature of Beer's law guarantees that substantial bond breaking density remains in that part of the polymer which is not etched away. The next laser pulse builds on this residual bond breaking density. Equation (1) is only valid for the first laser pulse, but is invalid for subsequent pulses since it ignores the residual bond breaking. This model distinguishes bond breaking from purely thermal effects. The low repetition rate of the pulses, on the order of Hertz, means that heating effects will dissipate between pulses. 13, 14 However, the bond breaking which turns a polymer into a monomer seems to have a much longer relaxation time. Since the density of broken bonds is low, we can assume that their presense does not change physical parameters such as the absorption coefficient.
Ample evidence exists for the concept of residual bond breaking density. For polymers of low absorption coefficient, numerous laser pulses must be absorbed before any ablation occurs.
7 This makes sense if the polymer is accumulating residual broken bonds from each pulse. We introduce the concept of incremental abalation depth, It is the etch depth per laser pulse I after many pulses; that is, after the threshold processes are over and actual ablation occurs. We show below that incremental ablation has I proportional to F rather than to In(F). Our theory also employs the concept of a moving melt front as introduced by Keyes et al. 15 Typical laser pulses have a duration of 5-10 us, during which time the ablated monomer can travel many microns away from the surface. We assume that the ablated material leaves the light path of the laser and no longer causes absorption. Let s (t) be the position of the polymer surface during a single laser pUlse. If the period of the laser repetition is 2t r , then we consider a single pulse during the duration ( -t,,1 r) where the pulse is a maximum at the surface at time t~O. The distance marker x is defined in a fixed reference frame from where the surface is at the start of a laser pUlse. The distance from the actual surface is x -s. The rate at which bond breaking occurs is
dt hv where the laser intensi.ty I (J/cm2 s) is defined in terms of the fluence F (J / cm 2 ) and the normalized pulse shape i (t):
Equation (2) is solved by direct integration. The residual density of broken bonds nl' exp( -ax) i.s taken as the initial condition
The position of the ablation surface s(t) is defined by setting n(s,t) = "1 in Eq. (4). Then multiplying each term by the factor of exp(as)/n T gives the equation for sU):
We differentiate this equation with respect to time, which immediately brings us to the equation:
.. .. This simple formula is the main result of this letter. It shows that the incremental etch rate is proportional to the fiuence, and is not directly dependent upon the absorption coefficient:f and n T may depend upon a. This dependence is quite different from the formula given by Beer's law in Eq. (1). The fact that I does not depend upon a is reasonable. A fraction f of the absorbed photons break bonds. In steady state, each pulse breaks a certain number of bonds which causes the proportional amount of etching.
Equation (5) agrees with experimental data for incremental etch depth. Figure 1 shows a linear plot of 1 vs F for three different polymers. They were chosen because they represent very different absorption coefficients. Figure 2 shows a graph of etch depth versus absorption coefficient for a number of different polymers which are taken at the same fiuence. The results appear to vary by a factor of about 2, and to show little dependence upon the absorption coefficients. These experimental results verify the general validity of Eq. (5) The incremental etch depth is independent of absorption coefficient and linearly dependent upon the laser fluencco Our new formula (Eq. (5)] is valid over most of the range in values for tluence. At very large values of ftuence one gets into the plasma regime, where the polymers become ionized and the etch depth no longer increases linearly. Also, at very low fluence (F <O.1/cm2) sometimes one finds that no ablation occurs regardless of how many pulses are incident, and there is a slight dependence upon pulse duration. Obviously our theory needs refinement in order to account for these two extremes of experimental parameters. Perhaps some annealing of bond damage can occur between laser pulses. Nevertheless, the theory works well over the range of values which have been reported in most experiments.
The theory can also be used to model the thermal behavior during the ablation process. We assume that the fraction (1 -j) of the absorbed photon energy produces heat. The residual heat dissipates away between laser pulses if the repetition rate is less than 50 Hz. 14 If C is the heat capacity, from Eq. (4) we deduce that the temperature increase during the heat pulse is given by
Using Eq. (4) we can rewrite this as
At the end of the laser pulse we replace n (x,t) by n T exp [ -a(x -I) ] and s by I.The total heat 1l.H energy remaining in the unablated portions of the polymer is found by integrating this expression over dx from I to infinity which gives
This expression also agrees with the experiments, Figure 3 shows how this theory fits the data of Dyer and Sidhu 13 where the voltage reading of the thermocouple indicates the stored energy after ablation. The fit has no adjustable parameters since we used the values of FT = 36 mJ/cm 2 and A = 0.0235 cm 2 which they suggest. They point out correctly that the stored energy saturates at high fiuence because the ablated material carries away the additional heat. From their analysis of the data we deduce the fractionf~O. L lR, Srinivasan and V. Mayne-Banton, App!. Phys. Lett. 41.. 576 (1982). 2y. Kawamura, T. Toyoda, and S. Namba, Apr!. Phys. Lett. 40, 374 ( 1982) . 3T. A Znotins, D. Poulin, and J. Reid, Laser Focus/Electro-Optics, May, 54 (1987) .
